Magnetic anisotropy allows magnets to maintain their direction of magnetization over time. Using a scanning tunneling microscope to observe spin excitations, we determined the orientation and strength of the anisotropies of individual iron and manganese atoms on a thin layer of copper nitride. The relative intensities of the inelastic tunneling processes are consistent with dipolar interactions, as seen for inelastic neutron scattering. Firstprinciples calculations indicate that the magnetic atoms become incorporated into a polar covalent surface molecular network in the copper nitride. These structures, which provide atom-by-atom accessibility via local probes, have the potential for engineering anisotropies large enough to produce stable magnetization at low temperatures for a single atomic spin.
To understand the structure formed by magnetic atoms on the CuN surface, we calculated the electronic structure using the all-electron full-potential linearized augmented plane wave method of density functional theory (DFT) (22) with the exchange-correlation potential in the generalized gradient approximation (GGA) (23). Figure 1B shows cross sections of the calculated charge density for a single layer of CuN on Cu(100) (24) along two orthogonal directions in-plane: (i) the direction defined by the axis along two nearestneighbor N atoms (which we refer to below as the N direction) and (ii) the direction along the axis defined by two nearest-neighbor hollow sites (the hollow direction). As seen in the cross sections, the N atoms are slightly above the plane of the surface Cu atoms. In addition, there is a net transfer of charge from the Cu atoms to the N atoms (25) . A comparison of the charge densities along the two orientations shows that the CuN has formed a network of polar covalent bonds along the N rows that is distinct from the underlying bulk Cu.
Placing an Fe or Mn atom on top of a Cu atom in the CuN surface causes a substantial rearrangement of the atomic structure. As seen in Fig. 1C for Fe, the Cu atom directly below the magnetic atom has moved toward the bulk and is no longer part of the polar covalent CuN network. The magnetic atom transfers charge to the CuN surface and creates bonds with its neighboring N atoms; the magnetic atom is thus incorporated into the extended molecular network on the surface. In spite of these extensive structural changes, we can reversibly attach and remove both Fe and Mn atoms from the CuN surface with the STM tip using a previously described technique (15).
The conductance spectra obtained over two different Fe atoms on different CuN islands at various in-plane magnetic fields are shown in Fig. 2 , A and B. At B = 0, three clear steps are seen centered at |V 0 | 0. 2, 3.8, and 5.7 mV (26) . In the framework of inelastic electron tunneling spectroscopy (IETS) (27), these steps in conductance are interpreted as the opening of an inelastic tunneling channel associated with the creation of an excitation at energy eV 0 , where e is the magnitude of the electron charge and V 0 is the center of the step. Changes in energy and intensity of these excitations as a function of B allow us to assign them to spin excitations (14, 15) . For a single orientation of B, the atoms were placed at different Cu sites on the surface so that the field was oriented along two different spatial directions: the N direction (for the atom in Fig. 2A ) and the hollow direction (Fig. 2B ). The existence of zero-field excitations indicates that the different spin orientations (quantum number m) are nondegenerate even in the absence of a magnetic field, suggesting the presence of strong magnetic anisotropy in the system even for a single atomic spin on the CuN surface. Surprisingly large magnetic anisotropies have also been observed for isolated metal atoms on bare metal surfaces (1).
Fig. 2.
Conductance spectra of Fe atoms on CuN. (A) Spectra taken with the STM tip positioned above an Fe atom at T = 0.5 K and B = 0 to 7 T oriented in the N direction. The spectra were acquired at a nominal junction impedance of 10 megohm (10 mV, 1 nA) and were not sensitive to junction impedance. Successive spectra are vertically offset by 0.023 nA/mV for clarity. Red, green, and blue upward arrows indicate the positions of the first, second, and third excitations, respectively, at B = 0 T as calculated by Eq. 1 with the fit parameters described in the text. Downward arrows show the same excitations at B = 7 T with the magnetic field oriented along the z axis of Eq. 1. (B) Same as (A) with B oriented along the hollow direction for the spectra; this direction corresponds to the x axis of Eq. 1. Also included are magenta downward arrows indicating the calculated position of the fourth transition at B = 7 T. (C) Energies for the first (red triangles), second (green circles), and third (blue triangles) steps observed in the spectra acquired with B along the N direction, including those shown in (A). Solid lines indicate excitation energies calculated by Eq. 1 with the magnetic field oriented along the z axis. (D) Step energies for the spectra acquired with B along the hollow direction, which corresponds to the x axis of Eq. 1, including those shown in (B). (E) Relative step heights for the first (red), second (green), and third (blue) excitations as a function of B along the N direction. The individual step heights are normalized by the sum of the three step heights at each value of B. The fourth excitation is not included because its intensities are negligible in this range of B. Solid lines denote normalized transition intensities calculated using Eq. 2 with the fit parameters discussed in the text. (F) Simulated spectra, as described in the text, with B along the hollow direction and an effective temperature of 0.8 K. Arrows are the same as in (B). These spectra are scaled by an overall constant and offset to match those shown in (B). a.u., arbitrary units.
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In Fig. 2 , C and D, the evolution of the energies of the IETS steps seen in Fig. 2 , A and B, is shown. The changes in the excitation energies are markedly different when the magnetic field is applied in the two different directions: When B is along the N direction (Fig. 2C) , all of the step energies increase with B, whereas the first and third steps decrease in energy when B is applied along the hollow direction (Fig. 2D) . At a given inplane magnetic field, it was possible to move an individual Fe atom back and forth between the two distinct binding sites (i.e., sites so that B was oriented along either the N or hollow direction) and observe that the excitation spectrum switched correspondingly. These differences can be unambiguously observed only because we can probe individual magnetic atoms in a well-characterized environment. A third distinct behavior is seen when the magnetic field is applied in the out-of-plane direction on a different Fe atom, as illustrated in fig. S1 (28); in this case, very little change of the step energies is observed. This strong dependence of the spin excitations on field direction is further evidence of strong magnetic anisotropy for the Fe spin.
To lowest order, spin excitations in an anisotropic environment can be described by the spin Hamiltonian (5) Here the first term is the Zeeman splitting of the states in the presence of a magnetic field, where g is the g-factor, µ B is the Bohr magneton, and is the spin operator.
The second and third terms are phenomenological representations of the axial and transverse magnetic anisotropies, characterized by strengths D and E, respectively. The axial term splits the degeneracy of the spin-states on the basis of the magnitude of the spin's z projection m, whereas the transverse term mixes states of different m. By convention, the axes are assigned in Eq. 1 to maximize |D| and have E >0.
Diagonalization of Eq. 1 allows us to calculate the excitation spectrum for the spin system. Using the spin of a free Fe atom (S = 2) (29), a best fit of all of the excitations shown in Fig. 2 (28) show the agreement between the observed IETS step energies and the excitation energies calculated from Eq. 1 as a function of B. In these calculations, the direction of B along the N, hollow, and out-of-plane directions is associated with the z, x, and y axes in Eq. 1, respectively. A fourth excitation at a higher energy is also predicted to occur. Although no indication of this excitation is observed for B along the N and out-of-plane directions, a weak conductance step at the predicted energies is observed at larger magnetic fields applied along the hollow direction, as seen in Fig. 2B . Unexpectedly, the primary anisotropy axis (corresponding to the z axis in Eq. 1) is not directed out-of-plane but rather along the inplane N direction (i.e., along the direction of the CuN molecular network). This result indicates the importance of the local molecular-bonding environment in determining the magnetocrystalline anisotropy.
To better understand the inelastic tunneling process that governs the spin excitations observed with IETS, we also analyzed the intensity of the transitions as a function of magnetic-field strength and orientation. In Fig. 2E , the relative intensities of the three strong IETS steps as a function of B along the N direction are shown. We found that the relative IETS step heights for transitions between an initial spin eigenstate i and a final spin eigenstate f are well-described by (2) where (here, ) and i and f are obtained directly from the diagonalization of Eq. 1. As shown in Table 1 , 0 has most of its weight in the |m =+2 and |-2 states when B = 0 T. This makes m = 0 transitions (where m is the change in m) to the 1 state and m = ±1 transitions to the 2 and 3 states strong, whereas transitions to the 4 state are forbidden. At B = 7 T along the N direction (see Table 1 ), the situation changes substantially: Because most of the weight in 0 is now in the |-2 state, m = ±1 transitions to the 2 and 3 states remain visible, whereas m = 0 transitions to the 1 and 4 states are too weak to observe. The m = 0, ±1 requirement implied by Eq. 2 is consistent with previous empirically observed selection rules in STM spin-excitation experiments (15). 11, D = -1.55 meV, and E = 0.31 meV at B = 0 T and at B = 7 T oriented along the N direction is shown.
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The spin-transition matrix element described in Eq. 2 is the same as the matrix element for inelastic neutron scattering in a polycrystalline magnetic system (31). We suggest that the observed inelastic tunneling arises from similar magnetic interactions between the spin of the tunneling electron and the spin of the magnetic atom-either direct dipolar interactions or through an exchange interaction. The intensity of this inelastic process is remarkably large for a single Fe atom on CuN: At B = 0, the inelastic conductance (i.e., the sum of the IETS steps) is at least as large as the elastic conductance (as measured at V = 0). Resonant enhancement of the inelastic tunneling resulting from a coincidence of the relevant orbitals may explain its relative prominence.
We can model the full conductance spectra as the sum of (i) a voltage-independent elastic conductance and (ii) a series of thermally broadened IETS transitions (27) weighted by the transition intensities given in Eq. 2 and by the Boltzmann population of the filled initial and empty final states. A comparison of Fig. 2 , B and F, demonstrates the excellent agreement between the measured and calculated spectra. Similar agreement is also seen when B is oriented in the other directions discussed above [ fig. S1C in (28)].
Substantially weaker magnetic anisotropy is observed for Mn atoms on CuN, even though its local chemical environment is very similar to that of Fe. Figure 3A shows IETS spectra obtained for Mn on CuN, with B oriented out-of-plane; spectra obtained in the two in-plane directions are also shown in fig. S2A (28). Using the spin of a free Mn atom ( ) (15), a best fit of the excitation energies from two different Mn atoms on two different CuN islands ( For both Fe and Mn on CuN, we find that the excitation spectrum is well described by a net spin identical to the free-atom spin (i.e., S = 2 for Fe and for Mn). For comparison, we performed spin-resolved DFT calculations for these systems and found that most of the net spin is localized on the magnetic atom and the surrounding interstitial region (25): S = 1.73 for Fe and 2.28 for Mn. However, a substantial amount of spin density extends into the sur-rounding atoms, as illustrated in Fig. 4 for Fe, where we find that the spin spreading occurs primarily along the N direction in the surface molecular network. By including the spin of all of the atoms, the net spin of the total structure is calculated to be the same as that of the free magnetic atoms: S = 2.00 for Fe and 2.50 for Mn. In comparison, no substantial net spin density is found for bare CuN on Cu(100). This spreading of spin density, here up to 4 Å from the Fe binding site, is similar to that reported in DFT calculations of molecular magnets (32). Further analysis of the qualitative differences in the spatial distribution of the net spin for the case of Mn and Fe may yield insight into the atomic-scale origins of the differences in their observed anisotropies. The surface-embedded molecular magnetic structures we have described here are model systems for the study of magnetic anisotropy on surfaces. These structures are similar to molecular magnets because the individual magnetic atoms are incorporated into a molecular-bonding network. In contrast to molecular magnets, the structures studied here can be constructed, probed, and manipulated atom-by-atom. The results presented here provide a detailed phenomenological picture of the magnetic anisotropy for a single atomic spin in a well-characterized environment. Further theoretical and experimental studies of these systems may allow for the development of a fully microscopic picture of the atomic-scale origins of magnetocrystalline anisotropy. Combining this with the ability to couple atomic spins into extended quantum-spin structures may eventually enable the development of systems in which giant magnetic anisotropy can be completely engineered at the atomic scale.
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Magnetic structures with only a few atomic spins, such as single atoms and clusters on metal surfaces (1, 2) and molecular magnets (3-5), can exhibit anisotropies that are large enough to maintain a stable spin orientation at low temperatures. The large anisotropies per each atom in these small clusters are of interest as a possible way to shrink magnetic bits below the size at which domains in current thin-film magnetic materials become unstable at room temperature. The impending approach of this superparamagnetic limit (6) threatens to halt the decades-long trend toward ever higher storage densities in magnetic memory. Besides this technological relevance, atomic-scale magnetic structures are also of great scientific interest because they exhibit intriguing quantum effects (7-9) and have the potential to be harnessed for quantum computing (10, 11). Access to individual magnetic nanostructures by electronic transport measurements is possible with the use of electromigration junctions (12, 13) and local probes (2, (14) (15) (16) (17) (18) . Whereas nanoscale junction devices may be more readily adapted to practical applications, studies using local probes provide an understanding of the nanomagnet's local environment, the crucial determinant of atomic-scale anisotropy.
Here we describe magnetic nanostructures with large magnetic anisotropy that can be individually constructed, studied, and manipulated with atomic-scale precision. Individual Fe or Mn atoms were placed at the desired locations on a CuN surface by manipulation with a scanning tunneling microscope (STM) tip. Our calculations indicate that the Fe and Mn atoms are embedded into a molecular network of polar covalently bonded Cu and N atoms within the CuN surface. Incorporation into the surface results in substantial charge transfer and distribution of spin polarization away from the magnetic atom and into the molecular network. We found that inelastic excitations of the atomic spin (14, 15) are very prominent in the electron tunneling from an STM tip through the individual magnetic nanostructures. Changes in the spin-excitation energies as a magnetic field was applied along three orthogonal axes directly yielded both the strength and orientation of axial and transverse magnetic anisotropy for a single magnetic atom. The relative intensities of these inelastic excitations are well-described by a spin-transition matrix element that is analogous to that found in inelastic neutron scattering. These nanomagnetic systems combine large magnetic anisotropies with the flexibility that comes from being accessible on a surface by a local probe (2, 14-18) and the potential for control of the magnetic properties previously available only in molecular magnets. This has great promise because, in the absence of transverse anisotropy, the single Fe atom on CuN would have an energy-reversal barrier similar in magnitude to that observed for atomic spins in the most anisotropic configurations in molecular magnets (4) and on metal surfaces (1).
Experiments were conducted with an ultra high-vacuum low-temperature STM with a base temperature of 0.5 K. We measured the differential conductance dI/dV using lock-in detection of the tunnel current I by adding a 20-to 50-µV rms modulation at 800 Hz to the sample bias voltage V [we used the root mean square (rms) amplitude for the modulation voltage]. The STM head was mounted in the cold bore of a split-coil magnet with magnetic fields B up to 7 T. The orientation of the magnet could be changed so that the magnetic field was applied either perpendicular to or in the plane of the crystal surface (19).
We used a single atomic layer of CuN (20) to decouple the spin of the magnetic atoms from the conduction electrons in the underlying Cu(100) surface (15). A small island of CuN with an adsorbed Fe atom is shown in Fig. 1A . As seen in the cross section, the Fe atom has a large apparent height of 2.6 Å, which indicates that electronic tunneling through the atom is almost three orders of magnitude greater than it is through the bare CuN. The spatial resolution of the STM images, particularly the observation of single rows of missing N atoms such as those shown in Fig. 1A , allowed us to overlay the lattice structure and determine the binding site of the atom and its local environment: In Fig. 1A , the Fe is on top of a Cu atom with two N atoms as its horizontal nearest neighbors (21) . To understand the structure formed by magnetic atoms on the CuN surface, we calculated the electronic structure using the all-electron full-potential linearized augmented plane wave method of density functional theory (DFT) (22) with the exchange-correlation potential in the generalized gradient approximation (GGA) (23). Figure 1B shows cross sections of the calculated charge density for a single layer of CuN on Cu(100) (24) along two orthogonal directions in-plane: (i) the direction defined by the axis along two nearestneighbor N atoms (which we refer to below as the N direction) and (ii) the direction along the axis defined by two nearest-neighbor hollow sites (the hollow direction). As seen in the cross sections, the N atoms are slightly above the plane of the surface Cu atoms. In addition, there is a net transfer of charge from the Cu atoms to the N atoms (25). A comparison of the charge densities along the two orientations shows that the CuN has formed a network of polar covalent bonds along the N rows that is distinct from the underlying bulk Cu.
The conductance spectra obtained over two different Fe atoms on different CuN islands at various in-plane magnetic fields are shown in Fig. 2, A and B. At B = 0, three clear steps are seen centered at |V 0 | 0.2, 3.8, and 5.7 mV (26). In the framework of inelastic electron tunneling spectroscopy (IETS) (27), these steps in conductance are interpreted as the opening of an inelastic tunneling channel associated with the creation of an excitation at energy eV 0 , where e is the magnitude of the electron charge and V 0 is the center of the step. Changes in energy and intensity of these excitations as a function of B allow us to assign them to spin excitations (14, 15) . For a single orientation of B, the atoms were placed at different Cu sites on the surface so that the field was oriented along two different spatial directions: the N direction (for the atom in Fig. 2A ) and the hollow direction (Fig. 2B) . The existence of zero-field excitations indicates that the different spin orientations (quantum number m) are nondegenerate even in the absence of a magnetic field, suggesting the presence of strong magnetic anisotropy in the system even for a single atomic spin on the CuN surface. Surprisingly large magnetic anisotropies have also been observed for isolated metal atoms on bare metal surfaces (1).
Fig. 2. Conductance spectra of Fe atoms on CuN. (A)
Spectra taken with the STM tip positioned above an Fe atom at T = 0.5 K and B = 0 to 7 T oriented in the N direction. The spectra were acquired at a nominal junction impedance of 10 megohm (10 mV, 1 nA) and were not sensitive to junction impedance. Successive spectra are vertically offset by 0.023 nA/mV for clarity. Red, green, and blue upward arrows indicate the positions of the first, second, and third excitations, respectively, at B = 0 T as calculated by Eq. 1 with the fit parameters described in the text. Downward arrows show the same excitations at B = 7 T with the magnetic field oriented along the z axis of Eq. 1. (B) Same as (A) with B oriented along the hollow direction for the spectra; this direction corresponds to the x axis of Eq. 1. Also included are magenta downward arrows indicating the calculated position of the fourth transition at B = 7 T. (C) Energies for the first (red triangles), second (green circles), and third (blue triangles) steps observed in the spectra acquired with B along the N direction, including those shown in (A). Solid lines indicate excitation energies calculated by Eq. 1 with the magnetic field oriented along the z axis. (D) Step energies for the spectra acquired with B along the hollow direction, which corresponds to the x axis of Eq. 1, including those shown in (B). (E) Relative step heights for the first (red), second (green), and third (blue) excitations as a function of B along the N direction. The individual step heights are normalized by the sum of the three step heights at each value of B. The fourth excitation is not included because its intensities are negligible in this range of B. Solid lines denote normalized transition intensities calculated using Eq. 2 with the fit parameters discussed in the text. (F) Simulated spectra, as described in the text, with B along the hollow direction and an effective temperature of 0.8 K. Arrows are the same as in (B). These spectra are scaled by an overall constant and offset to match those shown in (B). a.u., arbitrary units.
In Fig. 2 , C and D, the evolution of the energies of the IETS steps seen in Fig. 2, A and B , is shown. The changes in the excitation energies are markedly different when the magnetic field is applied in the two different directions: When B is along the N direction (Fig. 2C) , all of the step energies increase with B, whereas the first and third steps decrease in energy when B is applied along the hollow direction (Fig. 2D) . At a given inplane magnetic field, it was possible to move an individual Fe atom back and forth between the two distinct binding sites (i.e., sites so that B was oriented along either the N or hollow direction) and observe that the excitation spectrum switched correspondingly. These differences can be unambiguously observed only because we can probe individual magnetic atoms in a well-characterized environment. A third distinct behavior is seen when the magnetic field is applied in the out-of-plane direction on a different Fe atom, as illustrated in fig. S1 (28); in this case, very little change of the step energies is observed. This strong dependence of the spin excitations on field direction is further evidence of strong magnetic anisotropy for the Fe spin.
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Substantially weaker magnetic anisotropy is observed for Mn atoms on CuN, even though its local chemical environment is very similar to that of Fe. Figure 3A shows IETS spectra obtained for Mn on CuN, with B oriented out-of-plane; spectra obtained in the two in-plane directions are also shown in fig. S2A (28). Using the spin of a free Mn atom ( ) (15), a best fit of the excitation energies from two different Mn atoms on two different CuN islands (Fig. 2B) to Eq. 1 yields g = 1.90 ± 0.01, D = -0.039 ± 0.001 meV, and E = 0.007 ± 0.001 meV. As seen in Fig. 3 and fig. S2 (28) , agreement between the calculated and observed transition energies and the spectral line shapes is excellent for different Mn atoms in all three orientations of B. In contrast to the results for Fe, however, these results indicate that the easy axis (z axis in Eq. 1) for Mn is oriented out-of-plane. A comparison of the DFT calculations of the structures for Fe and Mn on CuN (Figs. 1C and 3C, respectively) shows that they are similar and does not suggest an obvious reason for the change in orientation of the anisotropy axis. The small size of D is consistent with anisotropy values observed for Mn in molecular magnetic clusters (30). Fig. 3 . Conductance spectra and structure of Mn atoms on CuN. (A) Spectra (black) taken with the tip positioned above a Mn atom at T = 0.5 K, with the magnetic field oriented out-of-plane. All spectra were acquired at a nominal junction impedance of 10 megohm (10 mV, 1 nA) andare offset by 0.025 nA/mV for clarity. Red lines represent simulated spectra with an effective temperature of 0.7 K. The simulated inelastic spectra are scaled by an overall constant and offset to match the observed spectra. (B) Step energy of two different Mn atoms, indicated by circles and triangles, with B oriented out-of-plane. Colored lines show the possible transitions energies calculated using Eq. 1 with the fit parameters listed in the text for B along the z direction. Because the anisotropy parameters are substantially smaller than those for Fe, level crossings complicate the assignment of the spin excitations at small magnetic fields. (C) Charge density for a Mn atom adsorbed on a CuN surface on Cu(100) calculated by DFT along the N and hollow directions. Solid yellow, green, and blue circles with gray edges label the centers of the Cu, N, and Mn atoms, respectively. The charge-density scale is the same as that shown in Fig. 1. [View Larger Version of this Image (17K GIF file)]
For both Fe and Mn on CuN, we find that the excitation spectrum is well described by a net spin identical to the free-atom spin (i.e., S = 2 for Fe and for Mn). For comparison, we performed spin-resolved DFT calculations for these systems and found that most of the net spin is localized on the magnetic atom and the surrounding interstitial region (25): S = 1.73 for Fe and 2.28 for Mn. However, a substantial amount of spin density extends into the sur-rounding atoms, as illustrated in Fig. 4 for Fe, where we find that the spin spreading occurs primarily along the N direction in the surface molecular network. By including the spin of all of the atoms, the net spin of the total structure is calculated to be the same as that of the free magnetic atoms: S = 2.00 for Fe and 2.50 for Mn. In comparison, no substantial net spin density is found for bare CuN on Cu(100). This spreading of spin density, here up to 4 Å from the Fe binding site, is similar to that reported in DFT calculations of molecular magnets (32). Further analysis of the qualitative differences in the spatial distribution of the net spin for the case of Mn and Fe may yield insight into the atomic-scale origins of the differences in their observed anisotropies. The surface-embedded molecular magnetic structures we have described here are model systems for the study of magnetic anisotropy on surfaces. These structures are similar to molecular magnets because the individual magnetic atoms are incorporated into a molecular-bonding network. In contrast to molecular magnets, the structures studied here can be constructed, probed, and manipulated atom-by-atom. The results presented here provide a detailed phenomenological picture of the magnetic anisotropy for a single atomic spin in a well-characterized environment. Further theoretical and experimental studies of these systems may allow for the development of a fully microscopic picture of the atomic-scale origins of magnetocrystalline anisotropy. Combining this with the ability to couple atomic spins into extended quantum-spin structures may eventually enable the development of systems in which giant magnetic anisotropy can be completely engineered at the atomic scale.
